The goal of this paper is proposing a methodology for the evaluation of the recyclability criterion of permanent magnets (PMs) in electrical machines for Hybrid and Electric Vehicles ((H)EVs). Such methodology was validated with measurements performed to a PM machine of the hub type. In addition, the methodology proposed here is approached in terms of energy consumption. Hence, measurements of torque and speed were taken at various working points. This study comprises the disassembly of one unit in order to determine the main dimensions of the machine for modelling in 2D Finite Element Method (FEM). Additionally, samples of the magnets in the rotor were taken for characterization of their properties. The results of simulations were contrasted with the measurements for the validation of the efficiency maps. Finally, a study case was selected, in which the use of recycled magnet material was simulated and the reduction of efficiency was quantified.
I. INTRODUCTION
T HE global trend towards the implementation of (H)EVs is challenging from the perspective of energy supply and the use of materials with high fluctuation of prices in the international market such as Rare Earth Elements (REEs). Recycling of REEs has been proposed as an alternative for counteracting this situation. Furthermore, work has been carried out in the design of electrical machines with recycled materials [1] , [2] , [3] . However, there is a lack of tools allowing to determine the feasibility of the recycling of PMs in electrical machines. Hence, this article attempts to set the base for a methodology for evaluating of the recyclability of their PMs [4] . In this regard, two approaches might be adopted. One from the perspective of the disassembling process [5] , [6] . The second one from the perspective of the energy consumption in the life cycle of the machine. The evaluation of the energy consumption of a machine used in (H)EVs may be done under any of the defined driving cycles [7] . Therefore, it is required to determine the efficiency of the machine at any given working point. In this sense, the methodology proposed here is validated with measurements performed to an outer rotor surface mounted PM machine of the hub type commercially available and used in both electrical scooters and small city cars.
Efficiency maps have shown to be useful at representing the performance of electrical machines in propulsion applications [8] . In addition, work has been carried out with efficiency maps as optimization tool [9] . Furthermore, the analysis of different machines under various driving cycles have been addressed in earlier studies [10] . However, the work presented here is aimed to validate a methodology for the evaluation of the recyclability criterion from an economic perspective (i.e. energy consumption).
Experimental results focused on the determination of efficiency of the machine are presented in Section II. In section III results of simulations are included, as well as, the elaboration of the efficiency maps. Section IV is devoted to the determination of the efficiency maps in a study case assuming the use of recycled magnets. The analysis of the results obtained are shown in section V. Lastly, conclusions are drawn and future work is proposed.
II. EXPERIMENTAL SET-UP
Measurements were performed on an outer rotor surface mounted PM which is generally used in electrical scooters or small city cars [11] . The set-up is shown in figure 1 . A resistive load was connected to the machine operating as generator, and values of input and output power were measured. The results of efficiency at different values of torque and speed are illustrated in figure 2. 
A. Disassembly
The disassembly of the machine was carried out in order to obtain the main dimensions for the elaboration of the 2D 
B. Main dimensions
The main dimensions of the outer rotor machine analysed in this study are shown in table I. Figure 4 illustrates the model implemented in 2D FEM. In addition to the dimensions in table I, the properties of the materials were required as inputs. The test performed to the magnet with PPMS yielded a value of remanence of approximately B r = 1.2 T. On the other hand, the quality of the material of the stator laminations was unknown. Nevertheless, the properties of a standard SiFe lamination with similar thickness were modelled. Hence, the lamination M400-50 was selected. Simulations were run applying the measured current. The efficiency of the measured working points was estimated with the calculated no-load losses (i.e. stator and rotor iron losses and PM losses) and copper losses. The effect of harmonics induced by the modulation of the inverter were disregarded in the simulations. The results are shown in figure   5 . Most of the results follow the trend of the measurements illustrated in figure 2. Figure 6 shows the deviation in the calculation of the torque compared with measurements. The maximum deviation was estimated of approximately 17 %. In addition, the deviation in the calculation of the efficiency is illustrated in figure 7 , with a maximum value of approximately 9 %. Various factors might be the source of such differences. In the case of the torque, the quality of the lamination might influence the performance of the machine regarding torque production. The deviations in the efficiency calculations are due to the absence of the mechanical losses in the simulation results. In addition, simulations do not account for processes such as cutting, stacking, etc. that might diminish the quality of the laminations, thus increasing the losses. Additionally, errors in the measurements may influence the deviations between measured and simulated efficiencies. Further analysis in this regard is presented in section V.
After contrasting the simulated values with the measurements, the magnet flux linked with the stator windings Ψ m was determined and the torque was obtained analytically with the expression:
Where I q is the current applied in the q-axis and p is the pole-pairs number. This expression allows having torque values at currents that were not measured, enhancing the resolution for the elaboration of the efficiency maps. The copper losses p cu were obtained with the DC resistance of the windings R w and the measured current I m as:
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IV. STUDY CASE
The main goal of DEMETER project [12] is the study of the recyclability and reuse of magnets in (H)EVs. Therefore, a study case was defined in order to verify the methodology followed so far. Magnets manufactured with recycled material are expected to have lower remanence [13] . Hence, the remanence adopted for this study case was assumed to be 20 % lower, that is, B r = 0.96 T. In order to perform a fair comparison, some assumptions were adopted for the study case presented here:
• Same geometry as in figure 4 was analysed. That is, similar values of current were applied to a new set of simulations with PMs of lower remanence.
• For performing a valid comparison, same performance in terms of torque production was required. Consequently, the axial length of the machine was increased by 15 %, that is, the new stack length was L stack = 46 mm.
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A. Comparison of efficiency maps

V. RESULTS ANALYSIS
This section is intended to enhance the understanding of the results in the presence of deviations between measurements and calculations. Furthermore, the analyses reported in this section were carried out on the original machine for similar values of torque and speed as for measurements. Hence, a decay test was performed on the original machine. It consisted in running the machine solely by pulling the shaft and recording the back-emf waveforms in an oscilloscope. A time decaying back-emf wave-form was obtained, and the no-load losses p decay (i.e. core losses, PM losses and mechanical losses) were obtained with the expression [14] :
Where J is the inertia of the machine and ω m is the mechanical angular speed. The inertia J was estimated with the main dimensions of the machine. The no-load losses as function of the speed of the machine were approximated by quadratic curve fitting. Figure 11 shows the decay test results, the calculated losses performed with 2D FEM and the measured no-load losses. The deviations between measured and simulated results are shown in figure 12 . The maximum deviation was estimated in approximately 50 %. The main source for this deviation would correspond to the portion of the mechanical and stray losses that are not included in the 2D FEM model. Additionally, the specific losses of the laminations in the actual machine remain unknown. Furthermore, as mentioned in section III the processing of the laminations (i.e. cutting, stacking, etc.) is not accounted in the simulations. Regarding the decay test results, figure 12 shows the largest deviations of approximately 79 %. The no-load losses p 0 with the machine running were determined with the following expression:
Where P m is the input power measured with the power analyser and P o is the output power obtained with the measurements of torque and speed in the torque transducer. Note that p 0 contains the mechanical losses, core losses and PM losses.
A. Effect of the calculation of J
In order to evaluate the sensitivity of the value of inertia J in the losses calculated with the decay test, J was modified by ±10 %. The results are shown in figure 13 . As shown in figure 14 the maximum deviation was estimated in 10 %. In this work, the calculation of J was performed both analytically and with the help of CAD software. The relative error between the two methods was approximately 3 %. The inertia calculated analytically was J ana = 0.0899 kg·m 2 . With CAD software, this value was estimated in J cad = 0.0905 kg·m 2 . The maximum calculated deviation due to the variation of the value of J was estimated in 3 %.
B. Effect of the measurement of torque
During the test with load in the machine, oscillations in the reading of torque were observed. In addition, an offset value was present in the interface used to read the values of torque. Such offset was identified having a value of approximately 0.35 Nm. The goal in this section is to identify the behaviour of the measured losses accounting for such deviations of the torque measurements. Hence, expression 4 was evaluated for the calculation of the no-load losses, accounting for the torque offset, by subtracting its value from the measurements. The results after applying quadratic curve fitting to the data are shown in figure 15 together As it can be observed in figure 16 , the subtraction of the torque offset from the measured values leads to the increment of the no-load losses. The maximum deviation between the decay test results and the measured values is of approximately 32 %. Which shows that the calibration of the torque transducer might have a significant impact in the estimation of the no-load losses as in equation 4. In addition, the losses calculated in 2D FEM are still close or even higher than the measured values. This might be the indication that in the original machine, an electrical lamination of lower specific losses was used. As future work, it would be interesting to determine the type of lamination that is being used by the manufacturer of this product.
VI. CONCLUSIONS A reduction of efficiency when recycled magnets are used was quantified at 4.5%. This maximum value was obtained in the region at low speed and high torque in figure 10 . Such deviation in the efficiency has its source in the increment of the stack length for obtaining the same torque as in the original machine. In addition, the increment of the resistance of the windings with increased stack length, had a significant impact in the copper losses. On the other hand, in the region at high speed and low torque the reduction in efficiency was estimated in 1%. This is consistent with having a reduced remanence of the magnets compensated with the increment of the stack length of the machine.
In general, a larger consumption of energy is expected if magnets manufactured with recycled materials and with lower remanence are used for electrical machines in (H)EVs. However, for future work it has been defined the study of the energy consumption of the machine analysed here under various driving cycles, including the European urban driving cycle ECE-15. Additionally, the prices of both energy and magnet materials will be evaluated for establishing a recycling index [15] . Furthermore, the methodology proposed here is expected to facilitate the comparison of diverse types of PM machines (e.g. surface mounted PM, inset PM, Halbach rotor, etc.) from an early design stage.
